Introduction {#s1}
============

Neurogenesis in the mammalian brain persists through adulthood mainly within the two neurogenic structures, the dentate gyrus of the hippocampus and the subventricular zone of the forebrain [@pone.0003835-Ming1], [@pone.0003835-AlvarezBuylla1]. In these areas neural progenitor cells continuously divide and give birth to new neurons [@pone.0003835-Ming1]. Previous studies have demonstrated that behavioral and physiological stimuli such as learning [@pone.0003835-Gould1], voluntary wheel running exercise [@pone.0003835-vanPraag1], and environmental enrichment [@pone.0003835-Kempermann1] enhance hippocampal neurogenesis. In addition, reproductive behaviors such as mating and pregnancy stimulate progenitor divisions and neurogenesis in the subventricular zone [@pone.0003835-Shingo1], [@pone.0003835-Mak1]. Thus, proliferation of progenitors and neurogenesis in the adult brain are dynamic processes regulated by various internal and external stimuli specific to each neurogenic region.

In the hippocampus, neuronal properties such as excitability and connectivity are known to be modulated in a time-of-day-dependent manner. For example, features of long-term potentiation show day/night fluctuations in the hippocampus [@pone.0003835-Chaudhury1], and hippocampus-mediated learning is facilitated in daytime [@pone.0003835-Chaudhury2], [@pone.0003835-Valentinuzzi1]. In addition to the daily regulation of the hippocampal neurons, an apparent daily change in the number of S-phase cells has been reported in the hilus where proliferative glia reside [@pone.0003835-Kochman1]. Thus, glial proliferation seems to depend on the time of the day in the hilus. Although these observations suggest an intimate connection between the temporal information and hippocampal neurons/glia, it is unclear whether neural progenitor cells and neurogenesis in the dentate gyrus of the hippocampus are modulated in a time-of-day-dependent fashion. Given that the cell divisions in certain mammalian tissues (e.g., tongue epithelium, intestinal epithelium, and skin) associate with specific times of the day [@pone.0003835-Scheving1]--[@pone.0003835-Bjarnason2], we explored daily variations of neural progenitor divisions and neurogenesis in the adult mouse brain.

Results {#s2}
=======

Six-week-old male mice were housed individually under 12-hour light/12-hour dark cycles for 2 weeks and sacrificed at various Zeitgeber time (ZT; ZT 0 represents light on and ZT 12, light off in a 12-hour light/12-hour dark cycle). We then examined the number of dividing cells in the subgranular zone (SGZ) of the dentate gyrus by immunostaining with an antibody against phospho-histone H3 (PH3), a marker for M-phase cells. PH3-positive cells were mainly located in SGZ of the dentate gyrus where neurogenesis occurs ([Figure 1A,B](#pone-0003835-g001){ref-type="fig"}). The number of the PH3-positive cells in SGZ was significantly higher (*p*\<0.0001) during the nighttime than during the daytime, showing a robust day/night variation of the timing of mitosis ([Figure 1C](#pone-0003835-g001){ref-type="fig"}). Progenitor proliferation in SGZ is known to be regulated by various stimuli such as voluntary wheel running exercise [@pone.0003835-vanPraag1]. We therefore examined how the day/night variation of M-phase cells is affected by the running exercise that is mainly observed during the nighttime ([Figure 2A](#pone-0003835-g002){ref-type="fig"}). At ZT 6, a time when the number of M-phase cells is at the near trough in the standard housing ([Figure 1](#pone-0003835-g001){ref-type="fig"}), the PH3-labeled cell number was significantly elevated in SGZ of exercised animals ([Figure 2B,C](#pone-0003835-g002){ref-type="fig"}; *p*\<0.05). By contrast, the voluntary exercise had no significant effect on the mitotic fraction at ZT 22 when the number of M-phase cells is high in the standard housing ([Figure 2B,C](#pone-0003835-g002){ref-type="fig"}), and exercised animals apparently showed constant levels of cell mitosis throughout the day/night cycle ([Figure 2D](#pone-0003835-g002){ref-type="fig"}). The time-specific effect of the voluntary exercise may be attributable to the time-restriction of the exercise or the time-of-day-dependent gating of the exercise-induced signals. Altogether, progenitor cells in SGZ show the daily change of M-phase cells that is modifiable by the nocturnal exercise.

![Daily variation of hippocampal cell proliferation.\
(A) Representative confocal images of PH3-positive cells (arrowheads) in the dentate gyrus (DG) at ZT 6 (three examples, left panels) and ZT 22 (three, right panels). Sections were labeled with PH3 antibody (red) and with DAPI (green). Scale bar, 50 µm. High-magnification images of each PH3-labeled cell are shown as insets (Scale bar, 5 µm). (B) Total numbers of PH3-positive cells per DG at various ZT indicated were counted and presented as mean±s.e.m. (*n* = 4 for each time point). There was a statistically significant effect of the time-of-day on the number of PH3-positive cells (*p* = 0.0001 by one-way ANOVA). The white and black bars represent light and dark periods of the day, respectively.](pone.0003835.g001){#pone-0003835-g001}

![Effects of wheel running exercise on hippocampal cell divisions.\
Mice were divided into two groups: one group was housed in cages with a running wheel (runner) and the other group in cages with a locked wheel (control). (A) A representative actogram of the wheel running activity from a mouse reared under the light/dark cycles. (B) Confocal images of PH3-positive cells (arrowheads) in the hippocampus at ZT 6 and ZT 22. Sections were derived from runners and controls, and were labeled with PH3 antibody (red) and with DAPI (green). Scale bar, 50 µm. (C) Total numbers of PH3-labeled cells per DG in the control and runner groups at indicated ZT (mean±s.e.m., *n* = 6--8). \**p*\<0.05, \*\**p*\<0.01 by two-tailed student\'s *t*-test. n.s., not significant. (D) Total numbers of PH3-labeled cells per DG in the runner group at various ZT indicated (mean±s.e.m., *n* = 3--8 for each time point, *p* = 0.25 by one-way ANOVA).](pone.0003835.g002){#pone-0003835-g002}

Noticeably, day/night variations of M-phase cells is region-specific, as the number of the PH3-positive cells in the subventricular zone of the forebrain was almost constant throughout the day ([Figure 3A,B](#pone-0003835-g003){ref-type="fig"}). We further characterized progenitor divisions in SGZ. The number of S-phase cells remained unchanged across the day, as determined by 30-min bromodeoxyuridine (BrdU) labeling ([Figure S1](#pone.0003835.s001){ref-type="supplementary-material"}), which is consistent with previous reports [@pone.0003835-Kochman1], [@pone.0003835-Holmes1]. These observations indicate that neural progenitor cells actively enter mitosis during the nighttime in SGZ.

![Temporal profile in the number of M-phase cells in the subventricular zone over the day.\
(A) Confocal images of PH3-positive cells in the subventricular zone at ZT 6 (left panel) and ZT 22 (right panel). Sections were labeled with the anti-PH3 antibody (red) and with DAPI (green). Scale bar, 50 µm. (B) Total numbers of PH3-positive cells per subventricular zone at various ZT indicated were counted and presented as mean±s.e.m. (*n* = 4 for each time point).](pone.0003835.g003){#pone-0003835-g003}

The increase in M-phase cells at nighttime raises the possibility that neurons are generated in higher proportions at night. To test this hypothesis, we analyzed the number of neuronal progeny generated through the cell divisions occurring during the daytime or nighttime. Mice were injected intraperitoneally with BrdU at ZT 1 for daytime analysis or ZT 13 for nighttime in order to label the dividing progenitors and they were sacrificed 10 hours later at ZT 11 or ZT 23, respectively. Under these experimental conditions, none of the BrdU-labeled cells were immunoreactive for NeuN, a marker of mature neurons ([Figure S2](#pone.0003835.s002){ref-type="supplementary-material"}). This short duration of labeling (10 hours) is probably insufficient for the labeled S-phase progenitors to differentiate into mature NeuN-expressing neurons. Therefore, we examined the immunoreactivity for doublecortin (DCX), a marker of immature neurons ([Figure 4A,B](#pone-0003835-g004){ref-type="fig"}). Among the cells that were BrdU-labeled during the daytime (BrdU-injected at ZT 1 and harvested at ZT 11), 22% were co-labeled with DCX. On the other hand, 40% of the nighttime-labeled cells (BrdU-injected at ZT 13 and harvested at ZT 23) were DCX-positive ([Figure 4C](#pone-0003835-g004){ref-type="fig"}). Furthermore, when progenitors were labeled with BrdU at different times of the day (ZT 5--ZT 15 and ZT 17--ZT 27), 23% (ZT 5--ZT 15) and 56% (ZT 17--ZT 27) of BrdU-labeled cells were DCX-positive ([Figure S3](#pone.0003835.s003){ref-type="supplementary-material"}). These observations indicate that new neurons are generated more frequently during the nighttime (*p*\<0.05), and underscore the significance of the nighttime increase in progenitor divisions.

![Nighttime stimulation of neurogenesis.\
(A) Confocal image of the subgranular zone of the DG labeled with antibodies against DCX (green) and BrdU (red). Scale bar, 50 µm. (B) Confocal images showing a DCX-BrdU double-labeled cell from orthogonal perspectives. (C) The percentage of DCX-BrdU double-labeled cells in the hippocampus of the mice that were injected with BrdU at ZT 1 (harvested at ZT 11) or at ZT 13 (harvested at ZT 23). Data are shown as mean±s.e.m. (*n* = 3 for each group). \**p*\<0.05 by two-tailed student\'s *t*-test.](pone.0003835.g004){#pone-0003835-g004}

Discussion {#s3}
==========

In the present study, we found that M-phase cells show a clear day/night variation, with a significant increase during the night. On the other hand, the number of S-phase progenitors remains unchanged across the day, which is consistent with previous reports [@pone.0003835-Kochman1], [@pone.0003835-Holmes1]. Further, when progenitor divisions were characterized by immunostaining with an antibody against Thr161-phosphorylated form of cdc2, the immunoreactive cells showed a clear daily variation with its peak at night ([Figure S4](#pone.0003835.s004){ref-type="supplementary-material"}). Active cdc2 functions as an initiator of G2/M transition, and Thr161 phosphorylation is required for activation of cdc2 [@pone.0003835-Morgan1]. Therefore, we hypothesized that G2/M transition of progenitors is promoted during the night, which will result in the increase of M-phase cells. The increase in M-phase cells might also be attributable to an increase in length of M-phase at night, but it is less likely because mitotic delay/retardation of M-phase cells at night is not apparent, as judged from the distribution of mitotic cells in different phases (prophase, metaphase, ana/telophase) that did not change over the day ([Figure S5](#pone.0003835.s005){ref-type="supplementary-material"}). Based on these observations, we propose a model for the daily regulation of neural progenitor cells in the hippocampus ([Figure 5](#pone-0003835-g005){ref-type="fig"}). In this model, hippocampal progenitors enter the cell cycle as well as S-phase irrespective of time-of-day. The progression of these cells into M-phase is suppressed at daytime. At night, the progenitors actively enter M-phase, thereby giving rise to more neuronal progeny.

Interestingly, such a daily regulation of cell divisions is observed in certain types of tissues including tongue epithelium, intestinal epithelium, and skin [@pone.0003835-Scheving1]--[@pone.0003835-Bjarnason2], implying that the temporal regulation of progenitor divisions seems to be important for animals living under day/night cycles. Notably, a global increase in dentate gyrus activity is observed by enhanced neurogenesis [@pone.0003835-Airan1], suggesting that newly generated neurons modify the properties of existing circuitry [@pone.0003835-Sahay1]. In this context, the daily variation of hippocampal neurogenesis may mediate a temporal modification of dentate gyrus physiology.

![A model for the time-of-day-dependent enhancement of hippocampal neurogenesis.\
Hippocampal progenitors enter the cell cycle irrespective of time-of-day. The progression into M-phase is suppressed in the daytime, possibly by G2 arrest. At nighttime, the progenitors actively enter M-phase, thereby giving rise to more neuronal progeny.](pone.0003835.g005){#pone-0003835-g005}

A variety of cellular events are controlled in a time-of-day-dependent fashion by virtue of endogenous circadian clocks that reside in various tissues [@pone.0003835-Reppert1], [@pone.0003835-Hastings1]. Noticeably, circadian clock-related genes such as *Cryptochromes* and *Periods* have been reported to have inhibitory roles for mitotic divisions in the liver [@pone.0003835-Matsuo1], [@pone.0003835-Fu1]. Together with the significant expression of clock-related genes in the hippocampus [@pone.0003835-Antoch1]--[@pone.0003835-Feillet1], it is expected that the daily regulation of progenitor divisions and neurogenesis may be dictated by the circadian clocks that localize in the hippocampus.

Abnormalities in circadian/daily rhythms have been suggested to underlie the development of bipolar disorder [@pone.0003835-McClung1], [@pone.0003835-Roybal1]. Noticeably, bipolar disorder appears to be related to dysregulated hippocampal neurogenesis. In fact, an animal model of depression with stress exhibits reduced neurogenesis in the dentate gyrus [@pone.0003835-Gould2], while lithium, a commonly prescribed mood stabilizer for bipolar disorder, enhances hippocampal neurogenesis [@pone.0003835-Chen1]. These studies imply that properly regulated hippocampal neurogenesis may mediate mood stabilizing effect on bipolar disorder. Importantly, daily variations of progenitor cell divisions ([Figure 1C](#pone-0003835-g001){ref-type="fig"}) are more apparent in the ventral dentate gyrus ([Figure S6](#pone.0003835.s006){ref-type="supplementary-material"}), a region contributing to the regulation of emotion [@pone.0003835-Sahay1]. These observations together provide the idea that the three events---normal daily rhythms, mood stabilization, and proper neurogenesis---are interconnected. In this context, bipolar disorder induced by aberrant daily rhythms may in part rely on abnormalities in time-of-day-dependent hippocampal neurogenesis. Understanding the mechanisms underlying the temporal regulation of neurogenesis should provide insights not only into the etiology of bipolar disorder, but also the physiological role of hippocampal neurogenesis.

Materials and Methods {#s4}
=====================

Housing conditions and wheel running exercise {#s4a}
---------------------------------------------

Male mice (6-week-old) were housed individually under 12-hour light/12-hour dark cycles for two weeks, in order to synchronize the phase of their internal clocks to the light/dark cycles. All the cages were placed in light-tight cabinets where temperature (23±1°C) and humidity (55±10%) were kept constant. Animals had access to food and water *ad libitum*. Animal experiments were conducted in accordance with guidelines set by University of Tokyo and Osaka University.

For wheel running exercise, animals were kept in standard cages for 5 days prior to the wheel running exercise. Then they were divided into two groups, one in a cage with a running wheel (runner) while the other with a locked wheel (control), and both groups were held for 9 days. Revolutions of the running wheel were registered on a computer, and the data were plotted as an actogram. In the actogram ([Figure 2A](#pone-0003835-g002){ref-type="fig"}), the horizontal line represents one day, and the height of black vertical bars plotted side-by-side represent the relative number of wheel revolutions within a period of 5 minutes.

Immunohistochemistry {#s4b}
--------------------

Brains isolated at various ZT were cut into coronal slices (4-mm thickness) which include the entire hippocampus or subventricular zone. The brain slices were fixed in 4% paraformaldehyde/PBS (10 mM Na-phosphate and 140 mM NaCl, pH 7.4) overnight at 4°C. Serial sections were made using a vibratome. Brain sections (40 µm) were incubated with a blocking solution for 1 hour at room temperature and then incubated with primary antibodies for 24--48 hours at 4°C. Cell nuclei were stained with DAPI.

Primary antibodies used were anti-phospho-histone H3 polyclonal antibody (1∶500; Upstate), anti-BrdU mouse monoclonal antibody (1∶500; Dako), anti-BrdU rat monoclonal antibody (1∶200; Funakoshi), anti-DCX rabbit polyclonal antibody (1∶500; Abcam), anti-NeuN mouse monoclonal antibody (1∶100; Chemicon), and phospho-cdc2 (Thr161) polyclonal antibody (1∶200; Cell Signaling). Blocking solutions used were PBS containing 3% BSA and 0.2% Triton X-100 (for PH3 staining), PBS containing 5% fetal bovine serum and 0.2% Triton X-100 (for BrdU/DCX staining), TBS (25 mM Tris-HCl \[pH 7.4\] and 140 mM NaCl) containing 5% fetal bovine serum and 0.3% Triton X-100 (for BrdU/NeuN staining), and TBS containing 3% BSA and 0.2% Triton X-100 (for phospho-cdc2 staining).

For BrdU labeling, animals intraperitoneally received a single dose of BrdU (100 µg/g body weight for 30 minutes labeling, and 50 µg/g for 10 hours labeling) at a concentration of 5 mg/ml. The brain sections were pretreated with 4 N HCl for 15 minutes at room temperature (for BrdU and DCX double-staining) or 1 N HCl for 1 hour at 37°C (for BrdU and NeuN double-staining) in order to unmask the antigens, before immunohistochemistry.

For phospho-cdc2 staining, the sections were pretreated with HistoVT One (Nacalai tesque) for 20 minutes at 70°C in order to unmask the antigen before immunohistochemistry.

Quantification {#s4c}
--------------

To assess the number of PH3-positive cells and BrdU-positive cells, every third section of the entire hippocampus and all sections of the subventricular zone were analyzed. For phospho-cdc2-positive cells, every sixth section of the entire hippocampus was analyzed. The number of the immunopositive cells in the hippocampus was multiplied by 3 (or 6 for phospho-cdc2 staining) to provide an estimate for the total number of the positive cells in the dentate gyrus. To determine the cell fate, more than 50 BrdU-positive cells per animal were analyzed for coexpression of BrdU and DCX, and ratios of double-labeled cells were determined. To determine the mitotic stages of M-phase cells, more than 25 PH3-positive cells per animal were analyzed for their chromosomal shapes and percentages of the cells in each stage were determined.

Supporting Information {#s5}
======================
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Temporal profile in the number of S-phase cells in the hippocampus across the day. (A) Confocal images of BrdU-positive cells (green) in the dentate gyrus (DG) at ZT 6 (left panel) and ZT 22 (right panel). The granule cell layers are outlined with dashed lines. Scale bar, 50 µm. (B) Total numbers of BrdU-labeled cells per DG were counted at various ZT indicated and presented as mean±range (n = 2 for each time point).

(0.35 MB TIF)
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Click here for additional data file.

###### 

Confocal images of the subgranular zone of DG labeled with antibodies against NeuN (green) and BrdU (red). Scale bar, 50 µ.

(0.43 MB TIF)

###### 

Click here for additional data file.

###### 

Nighttime stimulation of neurogenesis. The percentage of DCX-BrdU double-labeled cells in the hippocampus of the mice that were injected with BrdU at ZT 5 (harvested at ZT 15) or at ZT 17 (harvested at ZT 27). Data are shown as mean±s.e.m. (n = 3 for each group). \*\*p\<0.01 by two-tailed student\'s t-test.

(0.13 MB TIF)
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Click here for additional data file.

###### 

Daily variation of phospho-cdc2-positive cells. Sections were immunostained with the antibody against Thr161-phosphorylated form of cdc2. (A) Phospho-cdc2-positive cells were mainly located in SGZ of the DG, and majority (\>75%) of the cells was prior to or in early stage of mitosis, as assessed by the shapes of their chromosomes. Scale bar, 10 µm. (B) Total numbers of phospho-cdc2-positive cells per DG at various ZT indicated were counted and presented as mean±s.e.m. (n = 3 for each time point). There was a statistically significant effect of the time-of-day on the number of phospho-cdc2-positive cells (p\<0.01 by one-way ANOVA).

(0.42 MB TIF)
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Click here for additional data file.

###### 

Mitotic stages of PH3-positive cells. (A) Representative confocal images of the PH3-positive cells in ana/telophase (top), metaphase (middle), and prophase (bottom). Scale bar, 5 µm. (B) Distribution of PH3-positive mitotic cells in different phases at various ZT indicated (mean±s.e.m, n = 4 for each time point).

(0.46 MB TIF)
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Click here for additional data file.

###### 

Daily variation of hippocampal cell proliferation. (A) Total numbers of PH3-positive cells per dorsal DG at various ZT indicated are presented as mean±s.e.m. (n = 4 for each time point). (B) Total numbers of PH3-positive cells per ventral DG. (C) Total numbers of PH3-positive cells per DG (the same figure as [Figure 1C](#pone-0003835-g001){ref-type="fig"}).

(0.24 MB TIF)

###### 

Click here for additional data file.
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